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Hints from Experiments
* Intermediate metabolites are present

- homoserine

- O-succinyl-homoserine
 cannot rule out O-acetyl- or O-phospho-homoserine
— cystathionine

- homocysteine
* Met labeling is as expected

e Transcriptional response to methionine

- most effects seem secondary (cells less stressed?)

- methionine synthase (metE) is 2x down
» pathway flux mostly to SAM (methyl donor, polyamines)



Activation & Sulfhydrylation
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DVU3369, MetW?

Description Domain ID Range E-value
Magnesium protoporphyrin O-methyltransferase, bacteial |[PIRSF036745 | (),.0015
UbIiE/COQ5 methyltransferase PF01209 e (),0004 .8
RN 15005
2-polyprenyl-3-methyl-5-hydroxy-6-metoxy-1,4-benzoquinol COG2227 _ 4e-12
methylase
S-adenosyl-L-methionine-dependent methyltransferas SSF53335 ———| 2. 7e-30
Methionine biosynthesis MetW PFO7021 — s ——| (0.0034
METHYLTRANSFERASE PTHR10108 ———— | 2e-11
Vaccinia Virus protein VP39 G3DSA:3.40.50.150|— w1 6e-25
METHYLTRANSFERASE-RELATED PTHR12734 — 2.1e-06
FAMILY NOT NAMED PTHR16458 — 0.0059
Methyltransferase type 11 PF08241 —— ——————— 9. 1e-24
Methyltransferase type 12 PF08242 — ——4.7e-16

[low-complexity (repetitive) sequence]

seg

(3



DVU3369, MetW?

Zcale

|_|
3 | | | | | | | | |
b.lisite ik zk; 3k a4k sl; &k 7k sk al;
COG-SmtA Desulforudiz audaxulatnrrgigéy 206 draft) contig (- strand, 2292595, 23?25§1___T}
—-5m 4R i} ve-dE: CAE=S ek COGE-Spo INFE COE10E2 COGS011 —
e o lnuh }l::} Eo =
COG-Ubi| suntrophobacter fumaroxidans MPOE - strand, 4276534..4286534)0
-Ubil  cFum 3506 Cfum_ 3505 [CCos-tath COG=UkiE COG-Uhg COG-Cof COG-E1pA
- P — B o > e > <L — -
suntrophobacter fumaroxidans MPOE - strand, 412732, .42273532)
SFum_0355 COG-Thi.l COE-TI1uD Sfum_ 355 COE-P£1A COG22S1 COG-UzpEfur 0551 COG4AST
< ] [ A = = | e | g
. Rozeiflexuz sp. R3-1 contig ¢+ strand, 31854..d415540
COG-UbiG RozeRCDRAR AFT_161% RozeRCDRAFT_1615 coG-Ubis [ COG-R{al COG-Riml  COG-GdhA
I_}I_HM;'_} < | —-— r =
Roseiflexus castenholzii DSM 13941 contig O+ strand, 28195..351980
COG-5mEA [ RcasORAFT 5220 COG-HF 1E CoG217 (G005 = Fena Gl S . [ c0E-Rfad COG-Riml C0G—GdhA COG—Neo s
C = = = | - N - e
Lawsonia intracellularis PHEAMNL-0Q o+ strand. 427200, .4372000
LIN3dT =] LIdZ40 LInz4i Lauf codi [ LIodis htrA #1aE
| > sl el - < | <
. Desulfovibrio vulgaris Hlldenbnrnugh (- strand, 35936196..35461962
COG-Ubil iluD DUUSSTO COG-UbiG hisg asps def £k
e I_ sl | e o - -
COG-Ubic Dezulfovibrio desulfuricans G20 (- strand, 664791, E?4?§é5
1 aur-E aur-A = pEeudo COG-LEiG hi=S AzpS det £t
[ > - e i ol —
) Candidatus Desulfococcus oleovorans Hxd3 contig o+ strand, 66, 1006680
COG-UkiiG COGLFFS COG-Lemd  COG-HLpH COEZ0T 0 COGE-UbiG COG-F£ 1A COG-HrER Do leDRAFT 02 1Bo12DRAF Fine s
= | ] | e =
YN 0541 suntrophus aciditrophicus SE O+ ztrand,. 631590, 6415900
- COE-AtpA COG-RAtpG COG-ALpD COE=AtpC COG-Gra SYH_00541 <] COGL051  COGL052 COE151Z TYH_ 00536
| > | = = | ([

Conserved in G20, Lawsonia intracellularis (1185 genes)
Near MetE (homocysteine methyltransferase) in DvH
Constitutively expressed, growth-rate-dependent



DVUO0O171, Cystathionine beta-lyase?

Scale
— i | | | | | | | | |
0.l/zite l; 2k sk ak sk &k 7k ah ak
Dezulfovibrio vulgariz Hildenborough (- strand, 209316..2193162
h=

+patE s [T;n FhsB - iat-B COG—Tar I an—ndin
Dezulfovibrio desulfuricans G20 (+ strand, 405149, .4161493
= COG1d 06 wrdG COG=HrdD A ly CoG=-DdpA COG-DppE oppl oppld
mal' = I | = I _ I e e =

Paracoccus denitrificans PO1222 chromoszome 1 ¢+ strand, 622031, .632031)

COGH1Z  COG44IS COG-Daf COG-Def COG-Dad  COG-Haly Pdan_0633 COG-HorH [T coG-HisC coG-Lep [
HLOG-MalY ¥ | ] = o | bl > <R
Chloroflexus aurantiacus J-10-f1 contig (+ strand, 292906, .3029060
CaurDRAFT_1155 COG-AzcD COG-AccA COG-Haly CaurDRAFT_1125 CaurDRAFT_1126 COG-REak <]
+COG-MalY [ = = = I | = ] |
Thermuzs thermophilus HES O+ strand. 1531104, .15411043
COG-Apt  COG1259 TTHALG1G < PUG-Hiak COGZZ0 COG-Haly COG-IbpA COG-Sszefl  COG-G1loE COGISF COG-0smCTTHALE2E  TTHA1GZT
HCOG-MalY ST A I > I < | I - ol <]
Meszorhizobium sp. BNC1 (- strand, 28506035, .2860603)
COG=HuuB  COG=B izl C0G-DadA COG=Haly COG-Sxed COG=Furl CO0G=-Ar-aE =
+COG-Mal¥ | = | | = I = g
Frankia sp. ERNlpec contig (+ strand, 3196..131962 -
Franear IDMEFT2 424 COG2192 COG-Ta= COG-Hal% COG-Cyp= Franean IDRAFT_04350 COG-Daall
COB-Maly et | > - s B opmes et <

Corunebacterium jeikeium kdll (- strand, 710806, . 7208057

< Hep COG-PrbA aech wiA COG-GabT <] fadE2
+aecD i I > I e

Nocardioides sp. J3614 O+ strand, 4541555, .4851555)

COG-HisH COG-Hisd COGL695 COG-Nerd COE-Haly COGE-Uad Noca 4550 Noca 4551 COG3S51
+COG-Maly <% | = | | Ee ey g } %
Herpetoziphon aurantiacus ATCC 23779 contig o+ strand, 6764, .167642
|:E_]:> CiE-Faql COG-SpollAR COG-HalY < Je0E-Rbn COG-FarH C0G-FarH C=
+COG-Maly = | = I - | < i |
Thiomicrospira denitrificans ATCC 33589 (+ strand. d483012..493012)
heosto0z Tredar 014 T Tvdar_0450 COG-Haly 203757 Trden 0434 COG-DppF COG-CHMES-PlsC  Trwden 0453 J
[ — - OG-l1E Y [ e e | e ¥ I
Bacteroides thetaiotaomicron YPI-BdEz o+ strand. 5428955, 54359550
i:nn;—sqeg - COG-Haly COGE 1405 = - COGF443 =
D [ -

- R
Bacillus =subtiliz subsp. subtiliz str. 1658 (+ strand, 322353400, 323340070
1 H LaR E?F its ki kapE  kapD i J EbEn
rontB {:l E}gg | ? ala 1 {:lﬂ I:m }a a Lo

Bacteroides thetaiotaomicron YWPI-5482 (- strand, 1720772, .1730772)
<] COG=WrbA  COG=Ara.l COE10TS BTi58% COG-HalY i::u:-G-F:haT }n::é:u:;-nmc I i::u:un:;4925 Hn::nn:;m:s;a COESEE

__‘+EDG—FI&1\" - | = |

Desul fitobacterium hafniense OCE-Z contig (- strand, -1155,.5544%

e dl " dl
| ———+patE

ranthomonas campestriz vesicatoria 85-10 o+ strand, Z657490. 26674907
strA COG-PinR  RCW232EC0G3F16 COG-ChrRCOG1231 COG-Haly COG-AdhP COG-Ara.] COG-SoxREopA
| - - R < b

+OOG-Maly - | = ] - | |
Rozeobacter sp. MEDLS3 n::::l_nEig L+ zhrand, 223945, .23353945) _




DVUO0O171, Cystathionine beta-lyase?
» Similar to B. subtilis patB

— major function is as cysteine desulfhydrase
- also a cystathionine beta-lyase in vitro and in vivo

e and C. glutamicum aecD
- Beta-C-S lyase, can cleave cystathionine

* More speculatively, DVU0O171 could transfer
sulfur from cysteine to homoserine (via
cystathionine)



Proposed Methionine
Synthesis Pathway
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Questions about
Methionine Synthesis?



Rapid Evolution of Gene Regulation

» Goal: Predict gene regulation in DvH

— Interpretation of expression data
- Aided by expression data

* Annotate transcription factors (TFs)
- e.g., PerR, Fur, RpoH
- but most cannot be annotated

* Predict binding sites

- e.g. conserved upstreams in DvH and G20
- but most are not conserved for so long



How Gene Regulation Evolves

« Studies of model systems (E. coli & Shewanella)

— Histories of TFs
— Histories of interactions



Histories of TFs

 Reconcile gene tree to species tree

- Congruence: vertical inheritance
- Horizontal gene transfer (HGT)
— Duplication



Species Tree

The Tree of Life The y-Proteobacteria
{E. colis & Shigellas
ﬁ—SaImoneIIas
Klebsiella
Proteo- y-Proteo. (E. coli, Shewanella) ﬂ,— Photorhabdus
bacteria LE ErWi-ni-a
_< -Proteo. - ersinias
\ P Proteo ~1 Billion L Sodalis (reduced) —
‘ g—Proteo. Years AgO ’7 Endosymbionts
I— -6-Prote0'. L - Pasteurellae (reduced)
\ H—Ll: Photobacterium
Vibrios
<« Shewanellas
. ‘ ! Colwellia, etc.
Bacteria r Pseuodomonas, etc.

- Clostridia -l _
¢ Mollicutes | Coxiella, etc.
Bacilli (B. subtilis) Thiomicrospira
L Methylococcus, etc.

Archaea -ag] Xylella & Xanthomonas

Eukarya L

~ 1 billion yrs. since divergence of E. coli & Shewanella
Comparable to DvH/G20 distance



Vertical Inheritance of Global

Regulators
Gene tree for crp Distribution of crp
Other y-Proteo. = Shewanella (7) p—
) ’JT(’I'I)““ L yheT>{ crp (6) >_ L
(10) | ttk > yheT>| crp (11)._|
88/“—(9) [tk f yheT>{ cp (1(3))]”_ —
// \—(8) ttk >{ yheT>| crp (8)—
7 yheT>{ prkB crp X
HGT? 100 - (7)  Drer @< Sodalis (3)
Long- (6) [ vheT IHED kB> o (5) - HGT?
branch H(s) e D e e (4)j
attraction? (4) Fner D> H5ike> @ o ((52))
Ll (3) [ yheT {yRe{ prkB>@ crp - -
72 ((2)) Y U ESCher’Ch’a, (1) }J
— 1) e D D> G Shigella, Salmonella
0.1 W 0.05

17/20 top global regulators are native



Complex Histories

of Neighbor Regulators
Gene tree for xapR Distribution of xapR
Diverse Proteobacteria Shewanella (4) HGT or
No xapA or xapR nearby X—ﬂl;hgilosses
X “u,
s> (6) Vibrio (5) - |
(5) Vibrio {3; -
| [ @ (4) < HGT?? -
80 @ (3) R X — ¥ -
X
[ErapA> Iy [ xapk> (2) (6)()@ HGT or
Caplepla®> (1) E. coli 2\5 3 losses
0.2 (§| )) - 0.05

» Co-transfer: ~60% of neighbor regulators,
45% of putative regulators => predictions

 Repeated HGT: ~40% of neighbor reg.



Duplication of rbsR/purR
Gene tree for rbsR, purR Distribution of rbsR, purR

- Firmicutes EsE»

—ﬂ-Pl’ ofeo [osBiED[bsOrbsk{bs® X X "]
[BSD B8R s {rosBrbsRirbsB ( 13 ) X .—}
) ’7 [E55)> B rbs O rbsB{rbsBirbsi ( 12 ) X
o0 HIpnsmemE> (11) Vibrio (6,13)
[E6SD- B8R rosC rbsBY rosR{rbsR> ( 10) >—‘
09 [EESD- I8 ros O rbsB{rbsRrbs® (9) :> (5,1 2) >
\F e e (8) Reduced * wmm—
dup. BB EEmEshEs (7 ) genomes X
6 X
77{_ (( 5 )) (X » 10)
T (4) (3('4'- ]8-))
(3)e ' 0705
0.2 L{! (2) (29) |
. (dnPlpurk (1) E. COII (1,7)

e Dups are rare (13% of TFs)
* Non-overlapping functions (~half of dups)



What About Older Histories?

» Use bidirectional best BLAST hits (BBHSs)

— often used for annotation
- few TFs have BBHs (~25%, E. coli to B. subtilis)

» Global regulators not in distant bacteria
— Mostly not in B. subtilis (4/20 present) or DvH (6/20)

* Do regulators have conserved functions, even if
history is complicated?



BBHs of TFs Have Different Functions

 Different pathways & stimuli

— E. coli betl: choline -> osmotic stress
— B. subtilis pksA: polyketide synthase

betl: HGT or 3 losses pksA: 2 HGT or >5 losses
f B. subtilis, etc.

—4 E. coli, etc.
i
- % Staphylococcus

 —

_u

— ]

——

| — 1
—=agli ] 3-Proteobacteria O—== Sympiobacterium

(within Clostridia)



Characterized BBHs of TFs Have
Different Functions

Proteo- < y-Proteo. (E. coli, Shewanella)
bacteria
_ g B-Proteo.
\ ~<o<-Proteo. 9/20

different
Bacteria 17/26
A CP Mollicutes different
‘Bacilli (B. subtilis)
— el Archaea
T Eukarya

BBHSs with different functions have complex histories
(duplication or >1 HGT event)



“Orthologs™ of Fnr and Crp

Fnr: Streptococcus pyogenes MGAS5005 o ) _
100 [Fnr: Desulfovibrio vulgaris Hildenborough

100 " Fnr: Desulfovibrio vulgaris DP4

— Fnr: Desulfovibrio desulfuricans G20

— Crp: Desulfotalea psychrophila LSv54 / _‘g
— Fnr: Anabaena variabilis ATCC 29413

Fnr: Streptococcus pyogenes MGAS6180
Fnr: Streptococcus pyogenes MGAS10394

Fnr: Streptococcus pyogenes MGAS315

cteria

Fnr: Streptococcus pyogenes MGAS8232

Fnr: Streptococcus pyogenes M1 GAS

o)
— c

100 Fnr: Synechocystis sp PCC 6803 S
100  Fnr: Geobacter metallireducens GS 15 o
. Fnr: Geobacter sulfurreducens PCA

— Crp: Desulfuromonas spp

Crp: Streptococcus agalactiae A909

100
\|7 100| Crp: Streptococcus agalactiae 2603V R

Bacilli

| Crp: Streptococcus agalactiae NEM316

Crp: Bacillus cereus ATCC 10987
Fnr: Geobacillus kaustophilus HTA426
99 Fnr: Bacillus licheniformis DSM 13

6-Prote‘cycteria

(e)]
N
S

‘01 Fnr: Pelobacter carbinolicus DSM 2380
—
0.1

DvH/G20 “Fnr” is predicted to be hcpR

senses nitric oxide or nitrate, not oxygen
binds CRP-like sequence TTGTGA, not TTGAT



Summary of TF Histories

 The Last Billion Years
- Little duplication (13%)
- Lots of HGT (63%)

- Complex HGT of neighbor regulators
vs. conservation of global regulators

- Co-transfer => predictions
» Distant bacteria

- homologs (even BBHSs) have different functions
- most TF annotations are wrong



Histories of Regulatory Interactions

« TFs evolve “rapidly”, but 2/3™ of regulation in E.
coli is by top-20 regulators

- do their regulons evolve quickly?
« How HGT genes regulated?

* Evolution by duplication?



Complex Regulation of HGT Genes

+
2
_E || = O MNon-HGT
5 o gl HET
E -
- I
=3 s
1
1 2z 3 4 &5 6 7 &8 9
Number of Different Regulators
E.g., CRP regulates half of HGT genes but only a

quar

er of other genes




Sources of the CRP Regulon

* From distant bacteria w/o CRP (~80%)

* From related bacteria with CRP (~20%)
— CRP site conserved across HGT in 4/12

» Sites usually not conserved across HGT (6/20
for global regulators)

— except for co-transfer (presumably)
2 -

21 T 'II c.-.

- 17(5)3 gT GTGccgt gt TCACgaTc E. coli yiaK
- 148 TagGAt ct agaTCAC H. inf. yiaK




Niche-Specific Neighbor Regulators vs.
Conserved Global Regulators

Tree of Life Co-transfer w/ operon Coglsoejr;//ed
- < Regulator

TF eron =~ X— _GR

Wm HGT
a

Last1 and gain a new site
Billion Years
TF [Operon GR

A A and transfer again with the site
HGT

o
Repeated transfers TF lern GR
between related (not HGT)
bacteria

Time




Conservation of Regulation

* Predict that regulatory interactions are
conserved (if BBHs are present)

e See If coexpression is conserved

_{ Escherichia coli K12

- Salmonella enterica typhi

— Vibrio cholerae

- — Shewanella oneidensis MR-1
— Bacillus subtilis

0.05



Gene-Regulon Correlations

Regulatory Network Gene-Regulon Correlation
in E. coli for Gene A in E. coli

A-B

TF1 same . F.I_I.LI.ILI.-_LLI_I.
C-D
oo |1 1 R
E  different set
of regulators

average(c, 0y ML T " TOTHIT]

Gene-regulon cor(A) in E. coli =
cor(A,average(C,D))

Putative Regulatory Gene-Regulon Correlation
Network in Relative for Gene A in Relative

Al I
D
regulon

Gene-regulon cor(A)
Absent genes: TF2, B, C in Relative = cor(A,D)




Froportion

Gene-Regulon Correlations

(A) Escherichia coli K12

My

o
—&— Predicted Operon Pairs (n=1612)
—-& (Genesvs, True Regulons (n=690)

= 4 Random Pairs (n=2339)

o |

o

o

o

=

o e

I:::" - =

-1.0 -0.5 0.0 0.5

Microarray Similarity [Fearson r)

79% as coexpressed as operons

1.0

Fropartion

0.2 0.3 0.4 0.5

0.1

0.0

(D) Shewanella oneidensis MR-1

—&— Predicted Cperon Pairs (n=1450)
—& (Geneswvs. Futative Regulons (n=354)
Fandaom Fairs (n=1187)

-1.0 -0.5 0.0 0.5

Microarray Similarty {Fearson r)

55% as coexpressed as operons

1.0




Controls for Gene-Regulon
Correlations

How Coexpressed? How Accurate?
Operons = perfect coexpression Relative coexpression =
coexpression ratio in Relative
Random genes - noise matched ratio in Ec
Coexpression ratio = A Absent in
mean(regulons) — mean(noise) TP 0 o Relatve:
Mean(operons) — mean(noise) > TF2, B, C
E

Matched-in-E. coli
gene-regulon cor(A) =
cor(A,D)



Limited Conservation of Regulation
for Conserved Genes

Coexpression Ratio Matched in | Relative
Truly | Putatively E. coli  Coexpression
— E. coli 0.79 0.79 1.00
S. enterica typhi 0.73 0.87 0.83
| V. cholerae 0.69 1.08 0.64
S. oneidensis 0.55 0.93 0.59
B. subtilis 0.55 0.22 1.14 0.19

—

0.05

* From shuffling the E. coli network,
59% coexpression =~70% conservation

— modest conservation to Shewanella
- validated changes to arcA, fnr, fliA regulons



Evolution of Regulatory Interactions
by Duplication

e Three Scenarios

TF1
TF2

Re

e

RG1

RG2

TF1
TF2

RG1

RG2

 More common than chance (Teichmann & Babu

2004)

- analyzed distant paralogs

- is it really conserved from common ancestor?



Age of Regulation

vs. Age of Duplication

Regulation:
dcuR H Escherichia eftc.
dctA L Salmonella
arcA’Y | Kiebsiella
dcuR from Firmicutes, — E Photorhabdus
dctA from distant y-Proteo.{[” Ewinia
Yersinia
— Sodalis
vaL-”re .a A (Or Pasteurellaceae
duplication from .
R) PI_701.‘obacterlum
tor \ Vibrio
J—‘ 4 shewanela
" Colwellia, ...
Acinetobacter, ...

P
L<

Pseudomonas, ...

dcuR
+

)=
)=

arcA

'+ + + + + + +

+ o+ o+ o+ o+

dctA

+ + + + + +



Convergent Evolution

e Not conserved from common ancestor

- Regulation cannot be older than presence of RG &
TF in the lineage

* Regulation of dctR evolved after transfer
* Analyze shared regulation for distant paralogs

- 29/30 cases are convergent evolution



Convergent Evolution of Regulation

* More recent paralogs (>30% identical)

* Analyzed 425 shared TF-RG interactions
- 14% of RegulonDB
- 5% duplication
- 6% convergent evolution (>chance, P < 0.001)
- 3% unclear

Operon structure inconsistent Convergent evo. of a
with evo. by duplication (166) single shared site (28)

P<E N e




Rapid & Convergent Evolution of
Regulatory Interactions

Duplication & Duplication & Duplication & HGT &
conservation divergence convergence convergence

Acquire an operon  Acquire a paralog

TF=—p> Opero§> TF===p Operon > HGT HGT

“, TF']-\»
4 Operon >
TF1 TF1"X""~,,"@ ‘TFZ--X"' P
Opero§> } Operon> TF2--X“‘§
o) TF2

Time
-
4

TF1 Evolve shared site Evolve new site
. L (similar DNA (not shared)
binding)

TF1 TF—
Operon Operon
> Operon - =L

TF2




Rapid Evolution of Gene Regulation

* Transcription factors (TF) have complex histories

- Rampant transfer (not duplication)

* “Orthologs” are problematic
* Annotations are usually incorrect

- “Neighbor regulation”

e driven by horizontal gene transfer, aids annotation
- Global regulators are more conserved

* but we can predict little about D. vulgaris

 Regulatory interactions not highly conserved

- e.g. E. coli to Shewanella, or D. vulgaris to G20



